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SUIvIMARY 



The flexibility of the NaCA method of correlating 
engine-cooling data is shown in this report to be improved 
when the data are adjusted analytically to the correlation 
equation by the method of least squares. Engine-cooling 
data, to be correlated graphically, must be obtained from 
tests in which engine-charge-air flow and cooling-air 
flow are carefully controlled. The least-squares method 
is adapted to the correlation of engine -cooling data in 
which the flows of charge air and cooling air, if measured 
accurately, may be varied in any manner. The values of 
the correlation exponents determined by the least-squares 
method are unique and are not dependent upon the ciirve- 
f airing ability of the analyst. 

Curve fitting by the method of least squares is 
discussed briefly and a solution is indicated for the 
values of the constants in an equation that can be 
identified with the engine -cooling-correlation equation* 
The NACA method of correlating engine -cooling data is 
illustrated by a graphical analysis of typical engine- 
cooling data. The same data are then correlated by 
the least-squares method. It is demonstrated that 
engine-cooling data not adapted to graphical correla- 
tion may be easily reduced by the least-squares method. 



INTRODUCTION 



The NACA method of correlating engine temperatures 
with the principal variables that determine engine 
temperatures has been developed for application as a 
graphical method (references 1, 2, and 3). An essential 
step in the graphical process is the evaluation of constant 
exponents in the correlation equation from logarithmic 
graphs of data for which either engine-charge-air flow 
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or cooling-air flow was held constant for a series of 
tests. It is frequently difficult, especially in flight 
testing, to maintain perfect constancy of the engine- 
operation variables. Under this condition the data 
can be correlated graphically only after trial and error 
corrections have been applied. Such data can be corre- 
lated directly by the method of least squares with 
precision limited only by the accuracy of the data. 
When data can be obtained from very carefully controlled 
tests, a graphical correlation of the data can be 
performed more rapidly than a least-squares correlation 
and with equal precision. The least-squares method is 
recommended primarily for the correlation of engine data 
in which the engine-operation variables, although measured 
accurately, could not be held constant. A less important, 
though interesting, application of the least-squares method 
is its use as a supplement to the graphical correlation. 

If the method of least squares is to be applied to 
the analysis of any data, it is necessary to knov/ the 
form of the equation to which the data are to be fitted. 
The NACA method of correlating engine -cooling data 
employs the correlation equation in various forms. 
The present work identifies one form of the equation 
with a simple expression involving three variables and 
three unknov/n constants; the method of least squares is 
applied to determine the values of the constants in the 
equation. Inasmuch as the method of least squares does 
not require a systematic change in any of the variables, 
engine-cooling data involving simultaneous and irregular 
variation of engine-charge-air flow and cooling-air flow 
can be correlated analytically with precision. 

The purpose of this report is to show that it is 
practical to apply a least-squares method to the correla- 
tion of engine-cooling data. The theory of least 
squares will be discussed briefly and a general solution 
will be obtained for the values of three unknown constants 
in an equation of three variables. Engine -cooling- 
correlation procedure will be described briefly and a 
graphical presentation of typical data will be supplemented 
by a least-squares correlation of the same data. The 
least-squares method will be used to correlate engine- 
cooling data which cannot readily be correlated by a 
graphical method. 
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ANALYSIS 



Curve Fitting by the Method of Least Squares 

The theory of least squares holds an important place 
in the mathematics of observations and is closely 2'elated 
to the laws of probability and the GausGian lav; of error. 
A useful application in olDservational work is curve 
fitting by the method of least squares. 

The term "curve fitting'* applies to the determination 
of the values of the constants in an equation of assi;ined 
form such that the chosen equation is the bast explicit 
representation of a given set of data. If a deviation 
is defined as the difference between a datum value of the 
dependent variable and the corresponding value on the 
fitted curve, a curve is regarded as representing the 
best fit to a given set of data when the suin of the 
squared deviations is a minimiom. This condition also 
demands that the sum of the deviations be zero. The 
form of the equation is alm^ays an assuraption whether it 
be adinittedly empirical or undeniably based on physical 
laws . 

The derivation of conventional formulas for curve 
fitting by the m.ethod of least squares is given in a 
numxber of textbooks; three such textbooks are listed 
as references 4, 5, and 6. A simplified derivation v/ill 
be given herein for an equation of three variables and 
three lonknov/n constants. The form of the equation 
chosen can be identified with the NACA cooling- 
correlation equationo 

Data are given as a collection of coordinate 
values of the variables x, y, and z: (x]_, y]_, zi), 

(--2^ 72y -2^^ (^S^ 7n^ ^^n) ^ where n is the 

number of values. Assi;mie that the variable y can 
be represented explicitly in terms of the variables x 
•and z by an equation of the form 

y = ax + bz + c (1) 

where a, b, and c are constants. It is desired to 
determine such values of the constants a, b, and c that 
equation (1) will most closely fit the data. Represent 
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any point by (x^, yi, Zi). If x and z are regarded 
as independent variables, the deviation of any datiirn 

value j± from the locus of equation (1) is 

f)l = Yi - y 

^i ~ ^i ^-^i - - c (2) 

According to the theory of least squares, equation (1) 
will best fit the data when the sum of the sqiiared 
deviations is a minimum. Let the sum of the squared 
deviations be S; that is, 

i=n p 

s - y 6i 
1^1 

Insofar as the coefficients a, b, and c may affect 
the value of S, this value will be a minimum when 

oa ^ 6b ' cc 
A squared deviation is 

Si^ - (yi - ^^1 t)Z5_ - c)"^ 
5i^ yi^ + a^xi^ + b"zi^ + c^ 
-2ax^^y^ - Sbz^y^ - 2cj^ 
4- 2abXj_Zi 2bczi + 2acxi 
Sum the squared deviations and drop the subscripts. Then, 

^"^ - 2aY_xy - 2b ^zy - 2c^7 

+ 2ab^xz + 2l)c^z + 2ac 
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The partial derivatives of 3 with respect to a, b, and 
respectively, are 



II = 2a + 2b^xz + 2c^x - 2^xy 

II = 2ayxz + 2b^z2 + 2c^z - 2^zy 

^ = 2a^x + 2b^z + 2nc - 2Y^y 

The partial derivatives equated to zero yield 
three equations 

b + nc = ^y 



(3) 



The equations (S) solved simultaneously give the 
values of the constants a, and c that will make 

equation (1) best fit the data. A general solution 
for the values of a, b, and c, vi/ith a numerical example, 
is given in appendix A. 

In order to obtain the values of the constants a, 
b, and c, either graphically or by the method of least 
squares, the experimental values of the original data 
must actually contain sufficient information for the 
purpose • It is desirable to have a large number of 
test points covering a wide range for all the variables. 
Occasionally, the simultaneous equations (3) are nearly 
exact multiples of each other, for which case the values 
of a, b, and c would be indeterminate. This result 
may be due to insufficient range of the data. The 
solution of equations (3) may sometimes appear inexact 
v^hen determined by ratios of small differences between 
relatively large quantities. It m.ust be remembered 
that the sum.s of the squares and products of the datum 
values are accurate to the same number of decimal places 
as the individual values; small differences between 
large s-ums are likewise accurate to that number of 
decimal places. The detail required in the calculations 
therefore makes desirable the use of a calculating machine 
in solving equations (3). 
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Advantages of Least-Squares Method 

Curve fitting by the method of least squares has 
several advantages over a graphical method. One 
advantage is that the determined value of each constant 
is unique. Least-squares computations performed v/ithout 
error and with the proper precision can yield only that 
value of each constant which the data determine. The 
human element is not involved as is the case with graphi- 
cal fairing. 

A second advantage is the quantitative measure of 
the deviation of each datum value from the best determi- 
nable value. Using datum values of the independent 
variables x and z permits the corresponding deviation 
of y to be computed by use of equation (2) . A small 
value for the sum of the deviations (ideally zero) indi- 
cates that the computations are probably free from error. 
Experimental values that have a deviation greater than 
the estimated experimental accuracy may be discarded. 
A repetition of the work then yields much more reliable 
values of the constants in equation (l). The squared 
deviations m.ay also be tabulated and the standard devia- 
tion and a simple form of the probable error computed 
by equations (4) and (5), respectively/, as 



Standard deviation = 




Probable error = ±0.67 \j — - — (5) 

The standard deviation represents a mean deviation for 
all the deta. Provable error is the limit of error 
for one-half the experimental data. 



APPLICATION OP METHOD OF LEAST SQUARES 

The Engine-Cooling-Correlation Equation 

The engine-cooling-correlation method was developed 
to coordinate engine temperatures v/ith the principal 
variables that determ-ine engine tem.peratures . A few 
tests made under carefully controlled operating condi- 
tions, easily attainable in a v\rind tunnel or on a 
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test stand, serve to establish an englne-coollng 
correlation. This correlation may then be used to 
predict engine temperatures that result from specified 
operating conditions or to determine operating condi- 
tions reqiiisite to m.aintaln specified temperature limits. 

In order to make cooling tests of an air-cooled 
engine for presentation by the correlation method, it is 
necessary to obtain, as basic data, measurements of the 
quantities listed in the following table of symbols: 

T, reference head temperature (average indication of 
all imbedded head thermocouples, or all rear- 
spark-plug gasket thermocouples), 

Tg^ cooling-air temperature (stagnation-air tem.perature 
in front of engine), 

en.^^^ine charge-air temperature ahead of carburetor, 

cooling-air-density ratio based on stagnation 
density in front of engine 

Ap cooling-air ^oressure drop across the engine, 
inches cf water 

weight rate of charge-air flow (without fuel), 
pounds per second 



N engine crankshaft speed, rpm 

r blower gear ratio 

d blower impeller diameter, feet 



A complete list of sy:j?bols aor^ears in appendix B. 

The principles of engine-cooling correlation and 
the development of the technique of applying these 
principles are set forth in refe-r'ences 1, 2, and 3. 
A general statement of the correlation principle is 
that the ratio of cooling-temperature differential to 
heating-temperature differential is a function of a 
relationship between internal flow of heating fluid 
and external flow of cooling fluid. This relationship 
is expressed by 



T 



h 



T 



a 



rfi RT" - C"! " 



(6) 
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In equation (6), C] is a constant, a and b 
are constant exponents associated v/ith V/^ and ci^Ap, 
respectively, and Tg is the mean effective gas tempera- 
ture, which is defined in references 1, 2, and 3. The 
mean effective gas temperature is a hypothetical average 
temperature used in engine-analysis computations to 
replace the continuously varying actual temperature of 
the charge and combustion products within the engine 
cylinder, A procedure for computing the value of the 
mean effective gas temperature is piven in reference 7 
for the Pratt &- Whitney R-2800 engine. Equation (6) 
is an engine-cooling-correlation equation based on 
cooling-air pressure drop. For simplicity, only this 
form of the equation will be used in the present report. 



Graphical Correlation 

The value of the exponent a can be determined 
graphically by plotting on logarithmic coordinates the 
ratio of the temperature differentials against v/eight 
flow of charge air for tests in which the fuel-air ratio 
and sea-level cooling-air pressure drop o^Ap are held 

constant. A plot of this type is shown in figure 1 
(data from table I, test 241) • Test numbers used 
herein are taken from reference 7, from which the data 
were obtained. The slope of the line, 0.565, is the 
value of the exponent a. A simxilar plot of the ratio 
of temperature differentials against sea-level cooling- 
air pressure drop ^a^P yields the value of the exponent b. 

For the determination of the exponent b, tests must be 
m.ade with the weight flov; of engine charge air held con- 
stant and the fuel-air ratio held at the same constant 
value as that used in the tests to determine the expo- 
nent a. A plot of the type used to determine the value 
of b is shov\/Ti in figure 2 (data from table I, test 240). 
The slope of the curve, -0.321, is the negative value 
of the exponent b . 

The engine-cooling correlation (equation (6) ) 
corresponding to the data presented in figures 1 and 2 
can now be written as 
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The value of the constant C]_ can be estab.llshed with 
the same data as that used to find a and b by plotting 
tlie ratio of temperature differentials against the 

relation /wQ^/^ytTg^/\p Such a plot is presented in 

figure which is the graphically established engine- 
cooling correlation. The value of the constant 
c^ = 0,560 was computed from coordinate values read 
from the faired curve. The graphically determined 
correlation is criven by 



^g " ^h 




= Q>56Q1 ^ An ; (8) 



In order to use the correlation curve or equation 
it is necessary to kno^-v the variation of reference mean 
effective gas temperature -ggg with the fuel-air ratio; 

a typical plot is shown in figure 4. The subscript 80 
indicates that the values of mean effective gas temperature 
were determined when the 'charge-air temperature Te 
was 80^ F* The curve in fdgure 4 was established 
(reference 7) by use of equation (8) with the data from 
table 11^ tests 242 and 244. Mean effective gas tempera- 
ture corrected for carbura tor-air temperature and blower- 
temperature rise can be computed from equation (9) and 
figure 4 ; 



.8[t^ - 80 + Yrr9 (n /100C)^J (9) 
The derivation of equation (9) is given in reference 7. 



Leas t -Squares Correlation 

Two weaknesfies exist in the graphical correlation 
procedure just described. One weakner.s is the necessity 
of m.aj.ntaining a constant value of coo?.lng-alr pressure 
drop for one series of runs and a constant value of 
charge-air flow for another series of runs. To hold 
experimental values perfectly constant is not possible. 
A' greater source of uncertainty is that^, in fairing the 
construction curves (fig^d and 2), evaluation of the 
exponents a and b depends upon the discretion of 
the analyst. The use of least squares removes both 
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of these difficulties. Equation ^6) expressed loga- 
rithmically gives 



('^h ~ -'^a \ 
Tp. - T^ / ~ ^ -^^^ ^ """^^^ (OaAp) + log (10) 

In equation (10) the signs of the constants have been 
deliberately ignored because determination of the signs 
of the constants is of necessity performed in solving 
for their values. 

The following identities should be made of values 
in equations (1) and (10) : 



y = log 



.-8 -h/ 



X = log 

z = leg (c^a^p) 

a = a 

b = b 

c ~ log C-]_ 

Equation (10) can now be v/ritten in the form of equation (1) 

y = ax -f bz ^- c 

and the values of the constants a, b, and c deter- 
mined by the simultaneous solution of equations (3) • 



Inasm.uch as there are three unknown constants in 
equation (1) ( or (10)), at least three test noints must 
be known in order to solve for the values of the constants • 
If only three points are known these may be substituted 
directly in equ.ation (1) (or (10)) and the resulting 
three equations .solved simultaneously. The values of 
the constants a, b, and c so determined will yield 
an equation satisfied by each of the three test points; 
there can be no deviation of a point from the curve. 
Unless the data are very accurate, the final equation 
may be greatly in error • The use of only three test 
points to determine- the values of the three constants 
is the limiiting condition for^ application of the 
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least-squares correlation; when the nujnher of dat-um 
values is increased, the reliability of the final equa- 
tion is improved. 

The most laborious computations involved in the 
application of least squares are those by which the sums 
of the variables and their cross products are obtained. 
These computations can be simplified by the use of forms 
for systematic tabulation similar to table III* The 
first three columns of table III contain datura values 
of the correlation variables taken from table I. The 
logarithms of the variables are listed in coliim.ns 6, 8, 
and 10, respectively. In the remaining colmns, through 
11, there are listed the cross " products and squares of 
the quantities in colmns 6, 8, and 10. The order of 
tabulation was chosen for convenience in making these 
computations. The smns of the squares and cross product 
obtained in table III have been used to set up equa- 
tions (11) of which equations (3) are the type: 



1.97933a. + 7.90275b + 6.12224c = -2.95038 ^ 
7.90275a + 33.24726b + 25.50250c - -12.58602 



(11) 



6.12224a + 25.50250b + 20c := -9.74261 

The simultaneous solution of equations (11) yields the 
following values for the constants: (See appendix A.) 



a = 0.578 



b = -0.300 • 
c = -0.281 



The accuracy of the computations pnd the precisioui 
of the correlation have been evaluated by the computa- 
tions performed in columns 12 to 16 of table III. The 
individual datum values x have been multiplied by the 
determined value of a and the products ax listed 
in column 12; similarly, in coluinn 13 are tabulated 
the products bz . For each individual datum value, 
then, the sum. of columns 12 and 13 and the constant c 
is tabulated in column 14, identified by 



f (x, z) 



~ ax + bz -H c 



(12) 
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Points established by equation (12) lie on the curve of 
best fit; hence, the deviation of a datum value y of 
the dependent variable is determined by its difference 
from the point of best fit. 

5 = y - f(x,z) 

The deviations of the datum values of y from the curve 
of best lit are tabulated in column 15, and the squared 
deviations are tabulated in column 16. The very small 
value ^ of the sum of the deviations indicates that the 
work IS probably free from computational error. The 
sum of the squared deviations has been used to find the 
Ind"?5) ^^^^^^^^'^ ^^'^ probable error, equations (4) 

The values of the constants a, b, and c dete>^- 
mined by the work in table III were not regarded as final. 
A^study of column 15 showed that the deviations of five 
oi the test points (runs 7, 8, 9, 13, and 15) were 
.considerably larger than the other deviations. These five 
points were eliminated from the array of data and a 
reae termination of the values of the constants was 
performed in table IV. These values, which are 
regarded as more reliable than those of table III 
are shown m the following list, which is arranged for 
a quick comparison with the values obtained in table III 
and the values obtained by the graphical method: 





Graphical 
method 


First least- 
squares 
correlation 
(Table III) 


Pinal least- 
squares 
correlation 
(Table IV) 




n = 20 


n = 20 


n = 15 


Exponent a 


0.565 


0.578 


0.576 


Exponent b 


0.321 


0.300 


0.304 


Exponent a/b 


1.76 


1.92 


1.89 


Constant c 




-0.281 


-0.276 


Constant C]_ 


0.560 


0.523 


0.529 


Standard 
deviation 


±0.0099 


to. 0089 


±0.0051 


Probable 




i 




error 


±0.0066 


^0.0060 ! 


±0.0034 
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The standard deviation and probable error shown in 
the preceding table for the graphical method were obtained 
by using the deviation of datum values from the lo?;a- 
rithmic form of equation (8). The standard deviation 
is a measure of the mean scatter of test points from the 
fitted curve. Using standard deviation as a basis for 
comparison, the final least-squares correlation (table IV) 
yields the equation of these three equations that best 
fits the data. The engine-cooling-correlation equations { 
and (14) obtained by the least-squares method are directly 
comparable with equation (8) obtained graphically; 
First least-squares correlation (table III) 

o n a / 

Final least-squares correlation (table IV) 



In order to show how well these equations fit the 
data by which they have been established, equation (13) 
is shown plotted in figure 5 and equation (14), in fig- 
ure 6. The first least-squares curve (fig. 5), which 
was established by the same data as were used for the 
graphical method, is directly comparable v^ith the 
graphical curve (fig. 3). The final least-squares 
curve, figure 6, is established by select data (table IV) 
and is regarded as a close aporoach to the best possible 
adjustment. 

A main purpose in applying the least-squares method 
to the correlation of engine-cooling data is to provide 
an exact and systematic means for finding the values of 
the constants in the engine-cooling-correlation equation. 
Precise correlation may not be very important as regards 
temperature prediction but in engine analysis every 
effort should be made to obtain the highest possible 
precision. Two different correlations have been estab- 
lished with th.e data listed in table I: the graphical 
correlation (equation (8)) and the final least-squares 
correlation (equation (14)). A com.parison is shown in 
figure 7 of the average cylinder-head temperatures for 
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two different operatiiif' conditions calculated by equa- 
tions (8) and (14) as functions of cooling-air pressure 
drop. The reasonably close agreement between the 
temperatures predicted by the tv/o equations shows that 
for temperature prediction a precise correlation is not 
necessary. On the other hand, the agreement between 
the values of the exponents obtained by the first and 
final least-squares correlations (tables III and IV) 
shows the exactness of the least-squares method. The 
fact that both least-squares correlations yielded equa- 
tions from which the standard deviation of the data was 
less than that for the graphical correlation indicates 
the greater precision of the least-squares method. 



In the comparison of the least-squares method of 
correlating engine-cooling data with the graphical method 
it was stated that the practice of making one series of 
tests with constant cooling-air pressure drop and 
another v/ith constant engine-charge-air flow was not 
essential if the data v;ere to be correlated analytically. 
In order to demonstrate this fact, special engine-cooling- 
correlation tests were made and only the fuel-air ratio 
was held constant ( approxim^atel:/ 0*08) ; the engine speed, 
charge-air flow, and cooling-air pressure drop v/ere 
deliberately varied from test to test. The data obtained 
during these special tests and the engine-cooling- 
ccrrelation computations are presented in table V. A 
brief study of table V will show that the data are not 
suited to graphical analysis. A least- squares correla- 
tion of all the data of table V (17 test points) is 
performed in table VI. This correlation shovied three 
of the test points (runs 15, 17, and 18) to have rather 
large deviations. These three test points were omitted 
from, the array, and a final least-squares correlation was 
performed in table VII. The values obtained for the con- 
stants v:ere: a = 0.563, b = -0.305, and c = log C]_ = -0.271; 
the corresponding engine-cooling correlation, expressed 
by equation (15), is plotted in figure 8: 



THTi; 



CORRELATION OF MISCELLANEOUS 



EIJGINE-COOLING DATA 




(15) 
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The differences between the correlations, equa- 
tions Hk) and (15), may be due to changes in the engine 
covvllng made between test Zl^.! and test 365 and also to 
differences in fuel. In tests 2I4.O, 2l].l, 2i|.2, and 2I4J+, 
100-octane blue aviation gasoline was used, whereas 
in test 565 the fuel was 100-octane green aviation gaso- 
line containing aromatic compounds. The differences 
betv/een equations (llj.) and (I5) are actuall^r within the 
experim.ental accuracy of the engine test data. Equa- 
tion (15) and figure 8 show that engine-cooling data not 
adaptable to graphical analysis may be readily correlated 
by the leas t- squares method. 

If miscellaneous engine-cooling data in which there 
v/as no system.atic variation of charge- and cooling-air 
flows and for which the fuel-air ratio was not held 
constant are available, an approxim.ate correlation can 
be obtained by use of the least-squares method and an 
assumed variation of mean gas temperature with fuel-air 
ratio. The reference mean effective gas temperature 
To- of the charge and combustion products in an engine 
^80 

cylinder is a phj^sical characteristic of the fuel-air 
mixture and should be more or less the same for engines 
of a given t}r9e . This fact is borne out by similarity 
of the variation of m.ean effective gas temperature with 
fuel-air ratio for various air-cooled engines (refer- 
ences 1, 2, 5, and 7). Only very small error should 
result from the use of the gas- temperature curve, 
figure ij., with data obtained from any air-cooled engine. 
Use of this curve makes possible the evaluation of the 
ratio of temperature differentials. The subsequent 
correlation of the data may be performed graphically, 
if the data are suitable, or by the least-squares method 
in any case. An approximate correlation of miscellaneous 
cooling data obtained by use of an assumed gas- temperature 
curve should be useful at least for predicting engine 
temperatures • 

A danger in using the least-squares procedure is in 
the tem-ptation to attribute greater accuracy to the con- 
stants of the correlation equation computed by this 
process than is warranted by the accuracy of the data. 
There is no method or procedure for handling data that 
obviates the necessity for good judgment on the part of 
the analyst. 
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CONCLUSIONS 



The application of the method of least squares to 
supplement the use of the NACA engine-cooling-correlatlon 
equation leads to the following conclusions: 

1» Engine -cooling data, including data not adaptable 
to graphical analysis, can be correlated with precision 
by the method of least square s^ 

2, The values of the constants in the correlation 
equation determined by the method of least squares are 
unique and are not dependent upon the curve -fairing 
ability of the analyst. 



Langley Memorial Aeronautical Laboratory 
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APPENDIX A 

GENERAL SOLUTION FOR THREE SIMULTANEOUS EQUATIONS 



The constants a, b, and c of equation (1) may 
be evaluated by the simultaneous solution of equations (3) 
namely: 



(^xja +^^zjb + nc =Y^J 



(3) 



The summations indicated in each of these equations may 
be identified as follows: 

= A = 1.97935 

^xz = B = 7.90275 

= C = 6.12224 

^ z = D = 25.50250 

Y^z"^ = E = 33.24726 

^ xy = F = -2.95038 

^ yz = G = -12.58602 

J = E = -9.74261 

where the numerical values are obtained from table III 
(or equations (11)), in v/hich n = 20. If determinants 
are used to solve equations (5), the minors involved in 
the process m.ay be identified as follows: 





= nE - 


d2 = 


14.55769 


M2 


= CD - 


nB = 


-1.92257 




= BD - 


CS = 


-2.00783 


M4 


= nA - 


C2 = 


2.10478 


M5 


= BC - 


AD = 


-2.09533 


Mg 


= AE - 


b2 = 


3.35384 
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The four determinants necessary to the polution nay be 
evaluated by use of the minors and sutnraation identities: 



^1 




Af,!-|_ 


+ 






GM3 = 


1.34826 






FUj 


+ 


GT.I2 




HM3 = 


0.77878 


At 




FW.2 




GH4 




HM5 = 


-0.40451 


A4 




FM3 


+ 


GM5 


+ 


HM5 = 


-0. 37 943 



The constants may be evaluated by the follov/ing ratios: 



a = ^ = 0.57762 
At 



b = 7^ = -0.30002 

^1 



c = ~ = -0.28142 

^1 



The numerical work performed in this appendix has 
been carried to five decimal places to maintain computa- 
tional precision. Because the original data were 
accurate to only three sir;nif leant figures, only three 
significant fi^^ures are retained in the final answer. 
The values used are therefore 

I a = 0.578 



b = -0.300 
c = -0.2B1 



NACA ARR No, lkH23 
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APPENDIX B 
SYMBOLS 

IT engine crankshaft speed, rpm 

To cooling-air temperature (stagnation-air temperature 

in front of engine), 

T engine charge -air temperature ahead of carburetor, 

® op 

Trr mean effective gas temperature, "^P 

ATn^ increrent of mean effective gas temperature 

'iie reference 7) 



6 



Tfr reference mean effective gas temperature (for 

"^80 80^ F charge -air temperature), 

reference head temperature (average indication of 
all imbedded head thermiocouples ' or all rear- 
spark-plug gasket thermocouples), ^F 

W3 weirht ^ate of charge-air flov/ (v/ithout fuel). 



1-1^ /c 



10/ sec 
a,Tj,c,C]^ constants 

d blov^er impeller diameter, ft 

n number of test points 

Ap cooling-air pressure drop across the engine, 

in. water 

r blower gear ratio 

5 deviation of a datmi value from the fitted curve 

o ^ cooling-air-density ratio based on stagnation 

density in front of engine 

c = log c-^ 

X ^ log V/q 



FACA ARR No. 




log a^Ap 



NAG A ARR No. lI^25 
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TABLE I 



COOLINO DATA AND CORRELATION COMPUTATIONS 

Fp. & W. R-2800 B-serles engine, low blower, 
Imbedded thermocouples, nonaromatlc fuel. 
Data from reference 7»_] 
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Column 


1 


2 


3 




5 


6 


7 


8 


9 


10 


11 


12 


13 


Ih 


1 

15 


16 


17 


18 


19 


Test 


Run 


Brake 
horse- 
power 


N 


Charge - 
air 


Fuel 
flow 
(IbAiP) 


Puel- 

alr 
ratio 


^«8o 

(OF) 


Carbu- 
retor 

temper- 
ature 

(^F) 


ATg 


Oj^Ap 


^a 


m 

^h 




^h^a 


1 

^e 




W^l.92 




,^1.89 


... 1.89 
' e 


(rpm) 


flow 

(IbAr) 


(OF) 


(in. water) 


(Op) 


(Op) 


(Op) 


Tg-Th 


(lb /sec) 


C^Ap 


OaAp 


OaAp 


2U0 


1 

2 

I 

5 


1100 
1100 
1100 
1100 
1100 


2120 
2120 
2120 
2120 
2120 


8ol^.o 
7973 
7967 
7937 
7805 


61^0 
6L6 
6i;0 
650 
650 


0.0796 
.0810 
.0802 

*o3ok 


II5U 
1141 
III+8 
11514. 
1143 


68 
70 
71 

73 


69 
71 
72 
73 
73 


14-3.0 
36.9 
31.1 
25.6 
19.3 


96 
97 
99 

100 

101 


331 

539 
353 

385 


1223 

1212 
1220 
1227 
1216 


O.26U 
.277 
.295 
.310 
.3J|2 


2.23i+ 
2.215 
2.220 
2.203 
2.170 


0.096 
.110 
.131 
.157 
.203 


1^.68 
11.60 

I4..62 
1^.56 


0.109 

•Ll+9 
.178 

.250 


1;.57 
^.50 

k.S2 

I1..33 


0.106 
.122 
.114.5 
.17^ 
.221+ 




6 


1100 
1100 
1100 


2120 
2120 
2120 
2120 
2120 


7770 
7750 
7790 
7677 
7850 


613 
613 
615 
619 
625 


.0788 

.0791 
.0790 
.0S06 
.0795 


1160 
1157 

iisS 




77 

11 

79 
79 


13.1 

30. s 
14.9 

31-1 


100 

97 
102 

99 
102 


I4.08 
1^37 
367 

i;o3 

362 


1237 
123U 
1238 
I22I4. 
1255 


o3C4 
.370 
.299 


2.160 
2.153 
2.165 
2.131 
2.175 


.296 
.398 
.126 

.25i 
.126 


14..28 


-m 


1^.29 


.327 




I 


I 

80 
80 


.lk3 
.287 
.11^5 








9 
10 


1100 
1100 


1145 
115I4. 


k.5k 


.II4.O 




12 


1100 
1100 
1100 
1100 
1100 


2120 
2120 
2120 
2120 
2120 


7855 
. 7743 


613 
592 
592 
565 
603 


.0780 
.0765 
.0769 
.07k6 
.0782 


1167 
1180 
1176 

1198 
1165 


71 


72 


31.1^ 


91 
91 

91 




1239 
12S1 

m 


.291 
.525 
.560 

:a 


2.181 
2.151 
2.138 
2.105 

2.iia 


.126 
.197 
.257 
.590 
.260 


)+.32 


.11+2 


1^.36 


•159 




11 


7695 
7578 
7708 


I? 


l\ 


I4..20 


.281+ 




15 
16 


I? 


l\ 


396 


123U 


I4..22 


.287 




X 

Z 

I 

5 


600 
800 
990 

1200 
600 


; 2120 
,212a 
2120 
1 2120 
j2120 

I 


U6U7 
5793 
7013 
8500 
1^615 


a 

m 
, 555 

1 


:« 

.0785 
.0775 
.0769 


1198 

1163 
1162 
1171 
1176 


TO 


71 

70 

11 

71 




86 


357 


1268 
1235 

1252 
I2I4.O 
I2I4-7 


.275 
•309 
.3li9 
0576 
.276 


1.291 
1.609 

1.91^7 
2.307 
1.282 


.116 

!22? 
.505 
.109 


l.jS3 
249 
5.60 
C?8 
j 1.61 

i 


.121 
.172 

:fS 

.113 


1.62 

2.1+6 

1:^1 

1.60 


.120 
.170 
.21+8 

.538 
.115 



> 
> 
> 

o 



DC 



CO 

ro 



TABLE II 



COOLING DATA AND COMPUTATION OP GAS TEMPERATURE 

[jP. k R.28OO B-aerlea engine, low blower. 

Imbedded thermocouples, nonaromatlc fuel, NAIIONAL AOVISURY 

Data from reference ? Zj COMMITTEE FOR AERONAUTICS 



Column 



-4- 



8 



10 



11 



12 



15 



Test 



Run 



Brake 
horse- 
power 



N 

(rpm) 



Charge - 
air 

flow 

(Ib/iir) 



Fuel 
flow 

(Ib/hr) 



Puel- 

alr 
ratio 



Carbu- 
retor 

temper- 
ature 



(In. water) 



* 1.76 

e 



(lb/sec) 



(°F) 



a 



(^F) 



2U2 



2Uk 



9 

10 

11 

12 



800 
800 

Boo 

800 
800 
800 

800 
800 
800 
800 
800 
800 



lilOO 

114.00 

ll|00 
1110 
1100 
lOl^O 

1650 



2120 
2120 
2120 
2120 
2120 
2120 

2120 
2120 
2120 
2120 
2120 
2120 



2120 
2120 
2120 
2120 

171^9 
2S01 
2li00 



5820 
5750 
5780 

5m 

6155 
67II0 



5770 
5790 

5950 
5727 



10535 
10260 
9855 

7688 
15117 



14.61 

5914. 
582 

565 

1^52 
396 
390 
574 
577 
1^05 



1159 
1058 
890 
608 
605 
606 
1U90 



0.0801 

.07k0 
.0681 
.0655 
.0608 
.0571 

.07li.8 
.0685 
.0550 
.0605 

.0633 
.0707 



.1081 
.1011 
.O9QI4. 
.0791 

•0795 
.0788 

.1156 



80 
80 
80 
81 

81 
82 
78 
77 
75 
72 



56 

59 
60 
61 
61 
61 
61 



78 
77 
79 
79 

80 
81 
77 
77 
75 
75 



60 
62 

it 

59 



1U.7 
15.0 
14.8 

It:? 

15.0 

lU. 

1^. 

1U.9 

15.1 

15.2 

15.1 



ilv 

15 



.1 

.2 

llv,9 
15.1 
15.5 
.5 
15.9 



1.617 
1.593 
I.606 
1.629 

1.871 

1.605 
1.609 

1.720 

I.65I4. 
1.592 



2.926 
2.850 
2.737 
2.159 
2.115 

2.137 
5.641; 



0.159 
.151 
.155 
.157 
.172 
.201 

.154 
.156 

.237 
.172 
.159 
.152 



.395 



55 
.701 



0.509 
.503 
.507 
.508 
.518 
.334 

.507 
.506 

.518 
.509 
.505 



.429 
.430 

.412 

.559 

■Mi 

.499 



362 
568 
574 

in 

550 

571 
576 
534 

364 



357 
350 
382 

377 
362 

59 
55 



9 

9 
9 

99 



98 
99 
99 

94 
92 



It 

82 
81 
81 

31 
85 



1220 
1260 
1270 
1265 
1210 
1101 

1260 

1275 
1003 
1185 
1256 
1255 



914.0 

975 
nil 
1200 
1155 
1266 

90k 



> 
o 
> 

TABLE III 

> 

FIRST LEAST-SQUARES CORRELATION OF ENOINE-COOLIKO ^1 



DATA FRCM TABLE I NAIIONAL AOVIbuRY 

COMMITTEE FOR AERONAUTICS 



ColUHl 


1 


2 


3 


k 


5 


6 


7 


8 


9 


10 


11 


12 


15 


14 


15 


1 

16 


Test 


Run 


We 






xz 


,2 




xy 












bs 


f(x,«) 






(lb/sec) 




(in, water) 




X 


7 




t 




ax 


6 


2^0 


1 
2 
? 
k 

5 


2.251+ 
2.215 
2.220 
2.205 
2.170 


O.26I4. 
.277 
.295 
.510 
.51+2 


1+5.0 
56.9 
51.1 
25.6 
19.5 


0.57021 
.51+121 

.51702 
.1+8501+ 
.1+5251+ 


0.12186 
.11928 
.11996 
.11766 
.11521 


0. 51+908 

.51+557 
.51+655 
.51+501 
.3561+6 


-0.20191 


-0. 5731+0 
-.53515 
-46597 


-o.qi^Sc 
-.87565 
-.7958I4 
-.71629 
-.59905 


1.6531+7 
1.5-6703 

1.Ll9276 
l.lio82li 
1.28556 


2.66822 
2.1+5558 

2.2285=5 
1 98 iL. 
l!65266 


0.20165 

.1991+9 
.20005 
.19812 
.191+51+ 


-0*49001 
-.i+7008 

- .liJi7ftn 


-0.56981 
-.55202 

-.50575 
-.47275 


-0.00859 
-.00550 

-.00289 
.0067b 


0.00007 
.00005 
. 00002 
.00001 

.00005 




I 

Q 

7 

10 


2.160 
2.155 
2.165 
2.151 
2.175 


'Ml 
.501+ 
.570 
.299 


15.1 

50,6 
1J+.9 
51.1 


.57567 
.52865 
.l+99?5 
.5851+9 
.50575 


.11106 
.11092 
.11255 


.551+1+5 
.555,oL 

•555I+S 
.528S8 

.557I+6 


-.12508 
-.17691+ 


- .IV29U.O 

-.56957 

-.14.5180 
-.521+55 


-! 5^268 
-.76977 
-.50658 
-.7827^ 


1.11727 
.98*77 
1.1+8855 
1.1751? 
1.1+9276 


I.2I1829 
.97572 
2.21578 
1.57637 
2.22855 


.19518 
.19256 
.19576 
.18979 
.I9I+92 


-.55516 
-.29601 

:m 

-.t478o 


-.42541 
-.58S08 

-*5545l 


-.00605 
.01551 
.01708 
.01177 
.00998 


.00004 
.00024 

.00029 
.00014 
.00010 




12 

11 
\l 


2.181 
2.151 
2.158 
2.105 
2.1I4.I 


.291 
.525 
.560 
.591+ 
.561+ 


51.1+ 


.50695 

.58620 
.5160s 
.5859I+ 


.111+69 

.11065 

.10891 

aol+49 
.10951 


.55866 
.5526U 
.55001 
.52525 
.55062 


-.18156 
-.16526 
-.11+61+5 
-.15075 
..14511 


-.S56II 
-.I4.9O8O 
-.p+570 

-.kQL50 
-.J4.5390 


-.80252 
-.65515 
-.51921+ 
-.595I+? 
-.51251+ 


1.1+9695 
1.29003 
1.17026 

.97772 
1.16752 


2.2li080 
1.66U8 
1.56951 

i:a 


.19561 
.19215 
.19061 
.18671 
.19097 


I'M 

'.55105 
-.29550 
-.55017 


-.41+065 


- .00124 
-.01452 
-.00185 

-.01648 
.00175 


0 

.00021 

0 

.00027 

0 


21+1 


1 

2 

5 


1.291 
1.609 
I.9I+7 
2.507 
1.282 


.275 
.509 
.51+9 
.578 
.276 




.12559 
.25989 
.555U+ 
.1+2051+ 
.121+52 


.01251 
.oii267 
.08575 
.15181 
.01161+ 


.11095 
.20656 
.28957 
.56305 
.10789 


-.06255 
-.10555 
-.15229 
-.15559 
-.06052 


-.56581+ 
-.S100I4. 
-.1+5717 
-.1+2251 
-.55909 


-.65755 
-.59255 


1.15055 
1.16157 
1.15229 
1.15856 
1.15229 


1.52777 
1.51+180 
1.52777 


.06407 
.11951 
.16714 
.20970 
.06252 


-.55908 
-•54859 
-.5U566 
-.5^748 
-.54566 


-.55641+ 
-.51051 
-.45995 
-.41921 
-.56477 


-.00740 

.0001+7 

.00278 
-.00530 
.00568 


.00005 

0 

.00001 
.00001 

.00005 








7.90275 


1.97955 


6.12221+ 


-2.95058 


-9. 71+261 


-12.58602 


25.50250 


55.21+726 


Sxoi 


0.00001 


0.00157 














t - ft'lS standard deviation « 
c X lollsi Probable error » 


*o.oo89 
to.oo6o 















ro 



TABLE IV 

FINAL LEAST-SQUARES CORRELATION OP ENGINE-COOLIHO 
DATA PROy TABLE I 



^ NAIIONAL AOVliiUKY 
COMMITTEE FOR AERONAUTICS 



ColUBUl 


1 


2 


5 


1+ 


5 


6 


7 


8 


9 


10 


11 


12 


15 


14 


15 


16 


Test 


R\in 


"e 








x2 


X 






y« 


z 






be 


f(x,z) 


6 




(lb/sec) 




(in. water) 


xz 






y 








2i4.0 


1 
2 

I 

5 


2.23I4. 
2.215 
2.220 
2.205 
2.170 


O.26I4. 
.277 
.295 
.510 
.51+2 


1+5.0 
56.9 
51.1 
25.6 
19.5 


0.57021 
.51+121 
.SI702 
.4850k 
.1+5251+ 


0.12186 
.11928 
.11996 
.11766 
.11521 


0.514.908 
.51+557 
.54655 
.54501 
.5561i6 


.0.20191 

w 

- 11567^ 


-0.5781^0 
-.55752 

:-m 

-.46597 


-0.9I+I4.80 

-.71629 
-.59903 


1.65547 
1.56705 
1.49276 
l.li082Ji 

1.28556 


2.66822 
2.45558 
2.22855 

l!65266 


0.20101). 
.19890 

.19946 
.19754 
.19377 


-0.49695 
-.47672 

-.U2SI4.I 
-.39109 


-0.57216 
-.5540? 
-.55094 
-.50714 
-.47559 


-0.006214. 
-.0051+5 
-.00219 
-.00150 

.00762 


0.0000^ 
.00001 
0. 
0 

.00006 




6 

10 
12 


2.160 
2.175 
2.181 
2.158 
2. ill 


.572 
.299 
.291 
.5bO 

.361+ 


15.1 
51.1 

ii+.7 


.50575 
.50695 
.58620 

.58591+ 


.11166 
.11588 
.11469 
.10891 
.10951 


.5514+5 

:m 

.55011 
.55062 


-.14563 
-.17694 
-.16156 
..1^645 
-.14511 


-.4291+6 
-.52435 

-;^J70 
..1^3890 


-.47982 
-.78270 
-.80252 
-.51924 
-.51254 


1.11727 

1.49276 
1.49693 
1.17026 
1.16732 


I.2UB29 
2.22835 
2.2k080 

1.56951 
I.5626I4. 


.19261 
.19434 
.19505 
.19005 
.19040 


-.33990 
-.45413 
-.45540 
-.35602 
-.35512 


-.42556 
-.55606 

::a 
-.44099 


-.00590 
.01173 
.00055 

-.ooi46 
.00209 


.00003 

.00014 

0 
0 
0 


21+1 


1 
2 

I 

5 


1.291 
1.609 

1.91+7 
2.507 
1.282 


.275 
.509 
.51+9 
.578 
.276 


i^.*5 

1I+.2 

1I+.I+ 
lU.2 


.12539 
.2598? 
.5551+4 
.42051+ 

.121+52 


.01251 
.01*267 
.08575 
.15181 
.01161+ 


12065^ 
.28957 
.56505 
.10789 


-.06255 
-.10555 
-.15229 
-.15359 
-.06052 


-.56384 
-.SI00I+ 
-.45717 
-.1+2251 
-.55909 


-.65753 
-.59255 
-.52679 


1.13035 

1. 16157 
1.15229 
1.15856 
1.15229 


1.52777 
1.54180 
1.52777 


.06588 
.11896 
.1666s 
.20908 
.06215 


-.34587 
-.55551 
-.55055 
-.55240 
-.55055 


-.55626 
-.51062 
-.46017 

--:'mi 


-.00758 
.00058 
.00500 

-.00292 
.00560 


.00006 

0 

.00001 
.00001 

.00005 




n=15 


Sum 


5.9I+I+II 


1.45278 


4.46927 


-2.21793 


-7.52881 


-9.91635 


19.5862^ 


26.06127 


Sub 


-0.00007 


0.00059 



> 

> 
> 

o 



a » 0.576 
b « -0.504 
c = -0.276 



Standard derlation 
Probable error 



10.0051 

to. 0034 



CO 



TABLE V 



^OOLDfa DATA AND CORRELATION COMPUTATIOIS 



[p. & W. R-28OO B- series engine, low blower. 
Imbedded thermocouples, aromatic fuel, 
Uhpublished dataT] 



NATIONAL ADVISORY 
COMMITTEE FOR AERONAUTICS 



> 
> 
> 

o 



Colun 


1 


2 


5 


k 


5 


6 


7 


6 


9 


10 


11 


12 


15 


14 


15 






Brake 


N 


Charge - 
air 
flow 

(Ib/hr) 


Fuel 


Puel- 

air 
ratio 


%o 

(Op) 


Carbu- 
p«tor 

tftinpar— 
ature 

(Op) 






^a 


Th 






\ 


W^l.35 


Test 


Run 


horse - 
power 


(rpm) 


(Ib/tir) 


(°P) 


(in. water] 


(^F) 




(Op) 




(lb/«ec) 


OaAp 


565 


1 

2 

i 


1190 

lUtiU 
860 
670 

1150 
970 


2120 

2120 
2120 
2290 
2290 


8010 

Tono 
{ uuu 

6010 

5020 

8050 

7020 


652 

466 
579 
657 
565 


0.0789 
• OoOO 
io775 
.0755 
.0795 
.0602 


1158 
1150 
1167 
1177 

IS 


bO 

64 

63 

59 
60 


62 

65 
66 
66 

]1 


11.0 
10.8 
10.8 
11.2 
12 .k 
21.6 


79.0 
80.0 

^o!o 
83.0 


U05 
390 
377 

koo 

551^ 


1220 
1213 
1255 
1245 
1229 
1224 


0.397 
.577 

.311 
.586 

.511 


2.22s 

i.m 

1.66q 
1.594 
2.251 
1.950 


0.5991 
.3167 
.2589 
.1652 
.5556 
.1670 




8 

9 

10 

11 
12 
13 


1090 

12S0 
580 

6^0 
550 
720 


2k90 
.2k90 
2l|90 
2290 
2700 
2700 


80^0 
9010 
5030 
5030 
5050 
6060 


6U2 
739 


.0799 
.0620 

.0753 
.0761 
.0762 
.0769 


1150 
1130 
1177 
1175 
1174 
1170 


U 

62 
60 
5U 
54 


92 
95 

1 

108 
108 


20.7 
20.6 
16.0 
7.6 

21.8 


82.0 
83.0 
77-5 

67.0 


336 
378 
343 
350 


1242 
1223 
1272 
1251 
1282 
1278 


.556 
.562 
.276 
.351 
.297 


2.233 
2.505 
1.397 
1.597 
1.403 
1.683 


.2155 
.2655 
,1162 

.2447 
.1427 
.1202 




ii+ 
1^ 

11 


670 
iiSo 
1050 
1280 
1180 


2120 
2120 
2700 
2700 
2120 


SO5O 
8070 
8070 

8060 


387 
6U2 
61^8 


.0766 
.0796 
.0603 
.0813 
.0777 


1171 
1155 
ll47 
1137 
1165 


5f 
54 

53 

5? 
54 


5§ 

iol 
58 


22.5 
21 .8 

21.9 


66.0 
69.0 
72.0 

77.5 
71.0 


298 

346 
340 
346 
350 


1229 
1211 
1254 
1245 
1225 


.249 
.320 
.293 
.299 
.520 


i.4p3 

2.242 

2.242 

2.661 
2.239 


.0859 
.1369 

- 



TABLE VI ' > 

O 
> 

FIRST LEAST-SQUARES CORRELATION OP ENQINE-COOLINO 

> 

DATA FROM TABLE V ^ 

NATIONAL ADVISORY 
COMMITTEE FOR AERONAUTICS o 



Column 


1 


2 


5 


k 


5 


6 


7 


8 


Q 


10 


11 


12 


15 


11+ 


15 


■ 1 

16 

1 


Test 


Run 




aa^P 




xz 








• 


yz 




2 


ax 




f(x,z) 






(Ib/S90) 


(In. watar) 






X 


y 


z 


z 




563 


1 

2 

I 
I 


2.22S 

1.594 
2.251 

1.950 


11.0 
10.8 
10.8 
11.2 
12 .k 
20.6 


•i 

.511 
.386 
.311 


.2983 
.229? 

.isi4 

.5810 
.5810 


0.1206 
.0855 
.0495 
.0208 
.1215 
.0814.1 


.2887 
.2225 

*.5il^5 
.2900 


-0.1595 
-.1225 
-.1020 

-.1I4.71 


-0.I4.012 

-.5072 


-O.I4.I78 
-.^579 
-.1+757 
-.5322 
-.4520 
..666I4. 


1.014.114. 
1.0554 

1.0551+ 

1.014.92 
1.0951+ 
1.3139 


1.081+5 
1.0679 
1.0679 
1.1008 
1.1955 
1.7265 


0.1958 
.1611 
.121+2 
.0805 

• 1618 


-0.5085 
-.3059 
-.5059 
-.5106 
-.5236 
-.5889 


-0.5960 

..4265 
-.1+652 
-.5116 
-.1+106 
-.5086 


-0.0052 
.0026 
.001+8 

.ool+k 
-.0028 

.0011+ 


0.00005 
.00001 
.00002 
.00002 
.00001 
.00000 




8 
9 
10 
11 
12 
15 


2.253 
2.505 
1.597 
1.397 
1.403 
1.685 


20.7 
20.6 
16.0 
7.6 

21.8 


.356 
.562 
.276 
.351 
.297 
.277 


.4592 
.1748 

'.nil 

.5026 


0I217 
.1588 
.0211 
.0211 
.0216 
.0511 


.5I4.89 
.5985 
.14-52 

.1452 

.11^71 
.2261 


-.1655 
-•1759 
-.0812 
-.0660 
-.0776 
-.1261 


1+737 

-^^5^7 
-.5272 
-.5575 


..6254 
-.579S 
-.6752 
-.I4.005 
-.5890 
-.71+62 


1.3160 

1.3159 

1.2014.1 
.8808 

1.1175 

1.35S5 


1.7519 
1.7265 
1.1+1+99 

1.21+84 
1.7916 


.191+7 
.2224 
.0810 
.0810 
.0821 
.1262 


..5889 
-.5564 
-.2607 
-.3507 
-.5962 


-.1+1+80 

-.S569 
-.1+612 
-.5301 
-.5515 


.0026 

.0067 

-.0022 
.0065 
.0029 

-.0060 


000000 
000000 
000000 




Ik 
1^ 

\l 


1.1^05 
2.2k2 
2.2k2 
2.661 
2.259 


22.3 
21.8 

21.9 


.21^9 
.320 

.293 
.299 
.320 


.1985 
.W95 
.5301 
.7098 
.4693 


.0216 
.1229 
.1229 
.180S 
.1226 


.11^71 
.3506 
.5506 
.4250 
.3501 


-.0888 

::IUI 

-.2228 
-•1732 


-.6038 

-.4948 
-.5331 

:m 


-.81J4.I 
-.6625 
-.8060 

-.8757 
-.6652 


1.31+35 
1.5585 
1.5119 

1.6702 

1.51+014. 


1.8179 

2.2858 
2.7896 
1.7967 


.0821 
.1956 
.1956 
.2572 
.1954 


-.59^1 

;i 




-.0053 
-.0127 
.0005 
.OIW+ 
-.0119 


.00005 
.00016 

.00000 
.00021 
.00011+ 




1=17 




5-9326 


i.W^58 


U06757 


-2.2653 


-8.375U 


-10i4.15U 


20.91414.6 


26J4]+8l4. 


Sum 


0.0005 


0.00077 














a = 

b = 
c « 


0.558 
-0.226 
-0.282 


standard deTiation * t0.0067 
Probable arror = lO.OOl^.^ 















TABLE VII 

FINAL LEAST-SqUARES CORRELATION OF ENGINE -COOLING DATA 
FROM TABLE V 
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Column 


1 


2 


3 


4 


5 


5 


7 


Q 


g 


1 n 










± O 


16 






\ 




T. -T 




























Test 


Run 






h a 


xz 




X 




J 




% 




ax 


hz 




6 








(lb/sec ) 




























' 1 

363 




1 


2.225 


11.0 


0.397 


0.3617 


0.1206 


0.3473 


-0.1393 


-0.4012 


-0.4178 


1.0414 


1.0845 


0.1955 


-0.3176 


-0.3934 


-0.0078 


0.00006 




2 


1,944 


10.8 


.377 


.298^ 


.0833 


.2887 


-.1223 


-.4237 


-.4379 


1.0334 


1.0679 


.1625 


-.3151 


-.4240 


.0003 


0 




3 


1^669 


10.8 


.348 


.2299 


.0495 


.2225 


-.1020 


-.4584 


-•4737 


1.0334 


1.0679 


.1252 


-.3151 


-.4613 


.0029 


.00001 




4 


1.394 


11.2 


.311 


.1514 


.0208 


.1443 


-.0732 


-.5072 


-.5322 


1.0492 


1.1008 


.0812 


-.3199 


-.5101 


.0029 


.00001 




5 


2.231 


12.4 


.386 


.3810 


.1215 


.3485 


-.1441 


-.4134 


-.4520 


1.0934 


1.1955 


.1961 


-.3334 


-.4087 


-.0047 


.00002 




6 


1.950 


20.6 


.311 


.3810 


.0841 


.2900 


-.1471 


-.5072 


-.6664 


1.3139 


1.7263 


.1632 


-.4006 


-.5088 


• 0016 


0 




8 


2.233 


20.7 


.336 


.4592 


.1217 


.3489 


-.1653 


-.4737 


-.6234 


1.2160 


1.7319 


.1964 


-.4012 


-.4762 


.0026 


.00001 




9 


2.503 


20.6 


.362 


.5236 


.1588 


.3985 


-.1759 


-.4413 


-.5798 


1.3139 


1.726B 


.2243 


-.4006 


-.4477 


.0064 


.00004 




10 


1.397 


16.0 


.276 


.1748 


.0211 


.1452 


-.'0812 


-.5591 


-.6732 


1.2041 


1.4499 


.0817 


-.C671 


-.5568 


-.0023 


.00001 




11 


1.397 


7.6 


.351 


.1279 


.0211 


.1452 


-^0660 


-.4547 


-•4005 


.8808 


.7758 


.0817 


-.2686 


-.4583 


.0036 


.00001 




12 


1.403 


13.1 


.297 


.1644 


.0216 


.1471 


-o07 76 


-.5272 


-.5890 


1.1173 


1.2484 


.0828 


-.3407 


-.5293 


.0021 


0 




13 


1.683 


21.8 


.277 


.3026 


.0511 


• 2261 


-.1261 


-.5575 


-.7462 


1.3385 


1.7916 


.1272 


-.4081 


-.5523 


-.0052 


.00003 




14 


1.403 


22.3 


.249 


.1933 


.0216 


.1471 


-.0888 


-.6038 


-•8141 


1.3483 


1.8179 


.0828 


-.4111 


-.5997 


-.0041 


.00002 




16 


2.242 


32.5 


.293 


.5301 


.1229 


.3506 


-.1869 


-.5331 


-.8060 


1.6119 


2.2858 


.1973 


-.4610 


-.5351 


.0020 


0 




n=14 










































Sum 


4.2842 


1.0197 


3.5500 


-1.6958 


-6.8615 


-8.2122 


16.5955 


2a 0705 






Sum 


0.0002 


0.00022 



> 
> 
> 

O 



a = 0.563 

b = -0.305 Standard deviation - xO.0040 
c = -0*271 Probable error = ±0.0027 



00 



NACA ARR No. L4H23 



Figs. 1,2 




14.000 



6poo 8poo lopoo 
Charge-air flow, Ib/hr 



Figure 1.- Construction curve for graphical correlation of 
cylinder-head temperatures. Fuel-air ratio, O.O8; cooling- 
air pressure drop, ik*^ inches of water. Data taken from 
reference 7. (See table I.) NAllONAL ADVISORY 

COMMITTEE FOR AERONAUTICS 




Figure 2.- Construction curve for graphical correlation of 
cylinder-head temperatures. Fuel-air ratio, O.O8; charge- 
air flow, 7750 pounds per hour. Date, taken from reference 7, 
(See table I.) 



CA ARR No. L4H23 



Fig- 




of water 



Plffure 5.- Graphical correlation of cylinder -he ad temperatures, 
p. & W. R-2800 B-serles engine; Imbedded thermocouples. Data 
taken from reference ?. (See table I and equation (b).) 



NACA ARR No. L4H23 I^i? 




ffure li.- variation of reference mean effective gas temperature 
with fuel-air ratio. P. & W. R-2800 B-series engine cylinder 
head; nonaromatic fuel. Data taken from reference 7* ''i^h 
figures 5 and 6. (See table II and equation (9)*) 



NACA ARR No. L4H23 



Figs. 5,6 




^e^hp ' In. of water 

Figure 5.- First least-squarea correlation of data that were 
correlated graphically In figure 5* (See table III and 
equation (15) •) 

NMIONAL ADVISORY 
COMMITTEE FOR AERONAUTICS 




' In. of water 



Flffure 6.- Pinal least-squares correlation of select data 
from figure 5. (See table IV and equation (114.).) 
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Cooling-air preasure drop, Ap» in. water 

Figare 7.-1 compariaon of a least-squares correlation with a graphioal 
correlation based on oaloulated head temperatures. 
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NACA ARR No. L4H23 



Fig. 8 




.15 .2 .3 

Og^Ap * In. of water 

Figure 8*- Pinal least-squares correlation of mlscellaneoxis 
data not adapted to graphical correlation, (See table VII 
and equation (15) •) 



